According to neutral quantitative genetic theory, population bottlenecks are expected to decrease standing levels of additive genetic variance of quantitative traits. However some empirical and theoretical results suggest that, if non-additive genetic effects influence the trait, bottlenecks may actually increase additive genetic variance. This has been an important issue in conservation genetics where it has been suggested that small population size might actually experience an increase rather than a decrease in the rate of adaptation. Here we test if bottlenecks can break a selection limit for desiccation resistance in the rainforest-restricted fly Drosophila bunnanda. After one generation of single pair mating, additive genetic variance for desiccation resistance increased to a significant level, on average higher than for the control lines. Line crosses revealed that both dominance and epistatic effects were responsible for the divergence in desiccation resistance between the original control and a bottlenecked line exhibiting increased additive genetic variance for desiccation resistance. However, when bottlenecked lines were selected for increased desiccation resistance, there was only a small shift in resistance, much less than predicted by the released additive genetic variance. The small selection response in the bottlenecked lines was no greater than that observed in the control lines. Thus bottlenecks might produce a statistically detectable change in additive genetic variance but this change has no impact on the response to selection.
is not necessarily expected. However, epistatic variance is notoriously hard to measure and is generally expected to be too small to inflate V A after bottlenecks (TURELLI and BARTON 2006) .
Empirical studies on laboratory populations have reported an increase in V A following a population bottleneck in several species, for morphological traits (BRYANT et al. 1986; WHITLOCK and FOWLER 1999) as well as life history traits (LOPEZ-FANJUL and VILLAVERDE 1989; GARCIA et al. 1994; FERNANDEZ et al. 1995; BRIGGS and GOLDMAN 2006) . Life history traits closely associated with fitness are, on average, more likely to show an increase in V A after a bottleneck than morphological traits ( VAN BUSKIRK and WILLI 2006; WILLI et al. 2006) , probably because life history traits are more likely to have a non-additive genetic architecture than morphological traits (ROFF and EMERSON 2006) . While V A was higher in the bottleneck lines than in control lines, these empirical studies were unable to show whether adaptability had increased; where an increase in V A for a fitness trait was found (LOPEZ-FANJUL and VILLAVERDE 1989; GARCIA et al. 1994; FERNANDEZ et al. 1995; WADE et al. 1996; BRIGGS and GOLDMAN 2006) , this increase was accompanied by inbreeding depression, as predicted by an increased expression of recessive deleterious alleles (WANG et al. 1998) . However, more empirical data on the role of dominance and epistasis for adaptive evolution in small populations and on traits of ecological relevance is needed.
While studies suggest that increases in V A after a bottleneck are likely to be the result of increased expression of deleterious recessive alleles (WANG et al. 1998) or chance fluctuations in predominately additive systems (WHITLOCK and FOWLER 1999; TURELLI and BARTON 2006) , no empirical investigations have directly distinguished between dominance and epistasis as the causative agents. Furthermore, no studies have considered the impact of bottlenecks on traits that constitute an evolutionary limit, particularly in species with restricted distributions. As V A levels for many traits are high, changes in genetic variance due to bottlenecks may have little impact on adaptation.
However novel V A arising after a bottleneck could accelerate adaptive evolution in species with restricted ecological distributions, when V A for traits that limit selection responses is low (FUTUYMA et al. 1995; BLOWS and HOFFMANN 2005) . Bottlenecks might then have the potential to have a dramatic effect, as the ratio of non-additive to
Bottlenecking
After five generations of mass breeding, 100 single pair matings were established. Pairs were tipped onto new media every three days for two weeks. In the next generation, 20 randomly chosen full sibs were allowed to reproduce within each line, and this was increased to 500 in the third generation and around 1000 in total thereafter spread over three bottles per line. Three replicate control lines were maintained throughout the experiment, each in three bottles containing approximately 1000 individuals.
Heritability analysis
We assessed heritability of desiccation resistance and sternopleural bristle number in the lines by parent-offspring regression, three generations after the bottleneck event.
Variance components (V P , V A , V E ) and narrow sense heritability (h 2 ) were estimated for one control line and nine bottlenecked lines. To initiate the parental generation and to control for density effects, seven-day-old females were allowed to oviposit for 12 hours on watch glasses containing treacle media dyed green. Eggs were collected and transferred to individual 50 ml vials (40 per vial) containing 15 ml of potato medium.
Fifty replicate vials per line were set up. The emerging flies from these vials constituted the parental generation.
Emerging flies were collected, pooled over vials, sexed under CO 2 and separated within 12 hours of eclosion to ensure that females were virgins, and 250 pair matings (constituting 250 families) were established per line. Because of the number of flies involved in the offspring generation, it was not possible to control density by counting eggs/larvae into vials in this generation. However to provide some control of density, pairs were initially aged in 50 ml vials containing 15 ml of potato medium and tipped onto fresh medium every three days. On day seven, pairs produced their offspring generation by holding them in vials for 24 hours. This was repeated for a further two 24-h laying periods to provide three sets of vials where the density was low (flies emerging from each vial: 2 -50; mean = 12.24). Offspring in vials developed at 25°C under constant light until emergence. Differences between the three vials were used to estimate common environment effects.
Parental flies were assessed for resistance between day 10 and 13 after emergence. Pairs of flies of each bottleneck line were split into four different 'blocks' (approximately 40 families per line per block) to handle the large number of individuals in the experiment.
Blocks were stressed on successive days by transferring individual flies into separate empty vials covered with gauze. These vials were then placed in a desiccator (as described in KELLERMANN et al. 2006 ) at 8-15% RH at 25 °C. Mortality was scored at hourly intervals until all flies were dead. Sternopleural bristle number (on the right side only) and sex were scored after death, within two weeks of the desiccation assay.
Offspring were stressed the same way and at the same age as the parents. Emerging offspring were collected, sexed under CO 2 and two males and two females were sampled from each of two vials (in total four males and four females per family, from two of the three vials set up for that family).
An animal model approach was utilized to estimate environmental and genetic variance components (DFREML v 3) (MEYER 1989) . Estimates of h 2 , V A , environmental (V E ), phenotypic (V P ), maternal and common environment were calculated using the simplex linear algorithm option based on all available kin relationships (REML analysis produced qualitatively similar results). Sex and generation were included as fixed effects in the model. Common environment and maternal genetic effects were included only if they significantly improved the model, which was assessed using a likelihood ratio test (WILSON et al. 2006) . Maternal effect did not significantly improve any of the models and were not considered further. For desiccation resistance, inclusion of common environment effects significantly improved models and these were therefore included.
For sternopleural bristle number the common environment effects were not significant and therefore not included. Equation 1 represents the final univariate model for sternopleural bristle number, while equation 2, including a common environment effect was used for desiccation resistance: The equations were:
and
where Y is a vector of phenotypic values, b and a are the vectors of fixed and additive genetic effects respectively, c is the vector of common environment random effects, e is the vector of residual effects and X, Z and P are the corresponding design matrices which relate the effects to Y. The coefficient of additive genetic variance (CV A ) standardises V A estimates so that they are comparable across traits and species, and was calculated following HOULE (1992).
Analysis of variance (ANOVA) with line nested within treatment (bottleneck or nonbottleneck) was undertaken to examine whether a single generation bottleneck influenced desiccation resistance and/or sternopleural bristle number. To determine whether estimates of h 2 or V A were significantly different from zero overall in the bottlenecked lines, we computed probabilities from Z scores and combined these across bottleneck lines as outlined in SOKAL and ROHLF (1995) . Variance estimates and heritabilities in the bottleneck and control lines were compared with t-tests using separate variance corrections where variances differed between the two sets of lines.
Line cross experiment
Line crosses between a control line (c2) and each of two bottleneck lines were performed to examine whether additive effects, dominance effects, digenic epistatic interactions, maternal effects, interactions between additive/dominance effects and maternal effects, cytoplasmic effects, and Y-linked effects were contributing to the differences in For each pair of lines, we set up 14 crosses similar to the procedure outlined in GILCHRIST and PARTRIDGE (1999) and SCHIFFER et al. (2006) . Briefly, crosses were made between the two parental lines and the subsequent F1 and F2 generations. The F1 generation was then backcrossed to the parents. Each cross included a reciprocal cross.
Re-establishing the parental and F1 crosses each generation allowed all 14 crosses and parentals to be tested simultaneously. Three replicate vials were established for every cross, each initiated with at least 30 virgins of each sex. Flies were tipped daily to control larval density.
The traits were scored in a similar fashion to the parent-offspring assessment. Briefly, flies were sexed under CO 2 anaesthesia 48 -72 hour prior to stressing. Desiccation resistance was measured on 11 day old flies as described above. Approximately 15 females and 15 males per replicate vial were scored (total 45 females and 45 males per cross/ generation). The number of sternopleural bristles on the right side of these desiccated flies was counted under a dissecting microscope after stressing.
Observed and expected generation means were calculated for each sex separately and analysed with the methods outlined in MATHER and JINKS (1997) and as described in GILCHRIST and PARTRIDGE (1999) and SCHIFFER et al. (2006) . In brief, the observed generation means were used to estimate the overall trait mean (m) and the composite 
Selection experiment
To examine whether increases in V A following a bottleneck could be selected to increase mean desiccation resistance, three control lines and the nine bottleneck lines were artificially selected for increased desiccation resistance for 11 generations. Artificial values were obtained from the animal model and σ P was the phenotypic standard deviation (FALCONER and MACKAY 1996) , and expected cumulative responses were then compared to the observed responses using t tests.
RESULTS

Bottleneck effects on variance components
Overall, a single generation bottleneck in D. bunnanda increased V A for desiccation resistance ( Table 1 This increase in V A for the bottleneck lines also led to an increase in h 2 (Table 1 ) and significant estimates of h 2 (combined P = 0.001), suggesting the bottleneck lines should show a significant response to selection. Environmental variances were similar between the bottleneck lines compared to the controls (Table 1) (Table 2 ) and did not differ significantly (t = 1.259, d.f. = 9, P = 0.240). 
Bottleneck effects on trait means
Line cross experiment
Desiccation resistance: Line crosses were performed between the original base population and b27, a line which had shown no net-change in V A after the bottleneck, and b43, which had experienced an increase in V A relative to the outbred control (Table   1) . A t-test examining parental means found significant differences between females from b43 and the control line (t = -3.126, d.f. = 43, P < 0.01), but not for males of this cross (t=0.318, d.f.=32, P = 0.753), or for males (t = -0.823, d.f. = 32, P = 0.416) and females (t = -1.743, d.f. = 43, P = 0.088) from the cross between b27 and the control line. Line cross analysis for the pair including the control line and b27 revealed that genetic divergence was mainly based on additive gene effects, although a significant negative additive maternal effect was detected for females (Table 3 ), evident in the lower level of desiccation resistance in the back crosses where the dam was from b27 ( Figure   3B ). Significant additive x dominance effects were detected for males (evident in the high desiccation resistance of the backcrosses to the bottleneck parent, Figure 3D) (Table 3 ). In this line combination, females from the reciprocal F1 generation (with the control line as the dam) were more desiccation resistant than either parent, suggesting negative dominance/ and or maternal effects, while the F1 with the dam coming from the line b43 tended to be much less desiccation resistant than the reciprocal F1 and either parent ( Figure 3A ), which could be due to a breakdown of additive x additive interactions. Interestingly, this pattern of higher resistance in the reciprocal cross was also evident in the F2 generation, however with levels of desiccation resistance intermediate to the F1 and reciprocal F1, again indicative of a negative maternal dominance effect and simple dominance effects.
Levels of desiccation resistance in the backcross generations tended to be lower than expected, which could be due to dominance x dominance effects ( Figure 3A ). Similar to the trend noted by KEARSEY and POONI (1996) influenced by dispersion (the distribution of alleles in the parental populations), the direction of these effects is less clear. In contrast to the females, the genetic effects underlying desiccation resistance between males in crosses between the control and b43
were predominately additive; although a significant positive dominance X additive maternal effect was detected, adding this effect did not significantly improve the model (Table 3) . 
Response to selection for increased desiccation resistance
After 11 generations of strong selection, a nested ANOVA (Table 4) 
DISCUSSION
While it has been shown theoretically and empirically that a bottleneck can increase V A for traits with a non-additive genetic basis, it is unclear whether this increase has any impact on selection responses and thereby evolutionary potential. Experimental studies to date have focused on laboratory populations of model organisms and traits that already exhibit high levels of V A . Where an increase in V A has been found following bottlenecks, severe inbreeding depression has hindered a response above outbred controls. In the current study, we examined whether a bottleneck could release V A and break the evolutionary limit for desiccation resistance in the rainforest-restricted Maternal effects were evident in three out of four crosses and these may arise from X chromosome effects or from other factors like maternal environmental effects. Our crossing design allowed Y and cytoplasmic effects to be estimated (none were found), but not X chromosome effects. If only X-linkage had been involved, males from parental mothers with a relatively high level of resistance might be expected to have a higher level of resistance than those form the reciprocal cross, and female offspring that obtain X chromosomes from both parents might not be expected to show maternal effects.
However maternal effects were detected for both sexes in this experiment, suggesting the effects cannot be explained purely based on X-linkage. and a morphological trait. Similar to the results obtained in the current study, they found a much stronger decrease in V A for the morphological trait after a bottleneck (WADE et al. 1996) .
Other studies that have used artificial selection on bottleneck lines with increased V A have been unable to increase the trait mean above values for control lines. LOPEZ-FANJUL and VILLAVERDE (1989) found the response to selection was 6.5 times higher in bottlenecked (F=0.25) relative to control lines for increased viability in D.
melanogaster, but this response was only enough to recover from half of the inbreeding depression incurred. Similarly, GARCIA et al. (1994) found no difference in the mean viability of inbred selection lines compared to controls after 27 generations of selection.
In these cases, it appears that the variation released with inbreeding was deleterious and did not provide a source of variation for increasing traits beyond the original mean. In our study we found an increase in V A and statistically significant heritabilities but no inbreeding depression, indicating that the variation released was not necessarily deleterious. However there was only a weak response to selection in the bottlenecked males and in some female lines, which was uncorrelated to levels of V A in the bottleneck lines.
Several reasons might help to explain why the observed selection response was much less than the expected response based on the narrow-sense heritability estimates. First, our estimates of h 2 may have been inaccurate. However the standard errors computed from the animal model analyses were low, and the responses were much less than expected as can be seen from the lack of overlap between the 95% confidence interval of the observed response in Figure 5 . Secondly, it is possible that any increase in V A may have only been transient and not high enough to sustain a selection response. Thirdly, as a response occurs, further changes in allele frequencies are expected along with changes in V A influenced by allele frequencies and genetic background. As novel V A released through dominance and epistatic effects is dependent on genetic background, it is vulnerable to rapid elimination by natural selection, although we might then expect at least some selection response. Finally, there could be another underlying reason besides low levels of V A for a weak response to selection for increased desiccation resistance in this species. Negative maternal effects for desiccation resistance, evident in two of the four line crosses, suggest there could be an antagonistic maternal effect of desiccation resistance, which could reduce a selection response (KIRKPATRICK and LANDE, 1989; WOLF et al. 1998; WILSON and REALE 2006) . Additionally, artificial selection may have been opposed by natural selection on this trait in the laboratory, particularly as the bottlenecking procedure would have exposed recessives with deleterious effects on fitness-related traits; if antagonistic natural selection is important, selecting every second generation may have exaggerated this effect. Hidden pleiotropic effects inducing stabilizing selection on one character may hinder directional selection on another (BAATZ and WAGNER 1997) . Furthermore, genetic interactions with other traits can also limit selection responses even when V A is present (BLOWS and HOFFMANN 2005 ). It would be worthwhile selecting for desiccation sensitivity in these lines, perhaps through family level selection, to investigate whether selection in this direction is possible. Also, selecting under different environmental conditions and using a less intense desiccation stress may have more success. Furthermore, as we did see a sex specific trend for a response in some lines, we could attempt to select for longer and at a higher intensity.
However high intensity artificial selection for 30 generations also failed to increase desiccation resistance in an outbred laboratory population of the rainforest restricted D. birchii despite a trend for a response early on (HOFFMANN et al. 2003) . Nonetheless, whether shifts in desiccation resistance can occur in natural populations in response to selection is unknown.
The results from our study have implications for the evolutionary importance of bottlenecks. Despite the absence of inbreeding depression, additive genetic variation released by bottlenecking in D. bunnanda did not result in a stronger selection response.
Unfortunately, it appears D. bunnanda and other rainforest Drosophila may not easily respond to selection for increased desiccation resistance (HOFFMANN et al. 2003; KELLERMANN et al. 2006) . The results from these rainforest species is in sharp contrast to the rapid and strong responses to selection obtained for this trait in other Drosophila species (BLOWS and HOFFMANN 1993; HOFFMANN and PARSONS 1993) . There may be other ways of generating novel variation for selection such as by decreasing canalization or through the creation of novel mutations via x-ray mutagenesis. However inhibition of Hsp90 via the chemicals geldanamycin and radicicol failed to increase variation for desiccation resistance in D. birchii (KELLERMANN et al. 2007) , suggesting that this approach is also not useful for increasing the response to selection for increased desiccation resistance in these species. In light of the predicted changes in climate and increasing levels of other anthropogenic stresses, more research needs to be conducted on ways to break selection limits in species with low V A . to produce a satisfactory model, but which significantly improved the fit between the model and the data. * P < 0.05; ** P < 0.01; P < 0.001; NS, not significant 
